Abstract The US National Toxicology Program recommends the use of the parametric multiple comparison procedures of Dunnett and Williams for the evaluation of repeated toxicity studies. For endpoints where either increasing or decreasing effects are of toxicological relevance, we recommend the use of the two-sided Dunnett test exclusively. For the many other endpoints, where a priori only one direction is of toxicological relevance, however, we recommend the combination of Dunnett and Williams test. In particular, we recommend the so-called Umbrellaprotected Williams test which offers insights for all interesting monotone and non-monotone alternatives while only suffering a marginal loss in power compared to the Dunnett test. We illustrate the power difference analytically and compare the approach for different endpoint types using three real data examples to alternative tests available. Nonparametric tests, which are suitable for the evaluation of skewed distributed or scores data, are also considered. Particular attention is given to the different interpretations of the findings revealed by the different test. R programs used for the analyses are provided.
Introduction
The recommendation by the US National Toxicology Program (2012) for the evaluation of repeated toxicity studies states: ''Two approaches are employed to assess the significance of pairwise comparisons between exposed and control groups in the analysis of continuous variables. Organ and body weight data, which historically have approximately normal distributions, are analyzed with the parametric multiple comparison procedures of Dunnett (1955) and Williams (1971 Williams ( , 1972 ''.
The natural question arising is in which situations the Dunnett procedure (Dunnett 1955 ) and under which settings the Williams procedure (Williams 1971) should be used. Both procedures strictly control the false-positive decision rate on a familywise level, i.e., both belong to the proof-of-hazard approach . Using both procedures in parallel exhausts the a-level twice, i.e., violates the experimentwise error level, and hence, such an approach cannot be recommended.
Toxicological endpoints can be classified into vital signs (e.g., number of off springs in the daphnia assay, Manar et al. 2012 ), outcomes of a pathological process (e.g., number of micronuclei (MN) in the in vivo MN assay, Hothorn and Gerhard 2009 ) and outcomes of a physiological process (e.g., serum bilirubin content in a repeated toxicity study, Adaramoye et al. 2012) . For the first two classes, it is clear that only a directed decision is of toxicological interest, i.e., decreasing in offsprings or increasing in number of MN are toxicologically relevant. For the third class of endpoints, however, an increase or a decrease may be a toxic response, so that a two-sided test is appropriate. The Dunnett test can be formulated for twosided alternatives and is appropriate for this third category of endpoints. For the one-sided comparison, either a one- proportions (Schaarschmidt et al. 2008a ), counts, survival functions (Herberich and Hothorn 2012) , poly-k estimates (Schaarschmidt et al. 2008b ) using generalized linear models (GLMs), 5. nonparametric versions are available for the evaluation of skewed distributed or scores data (Konietschke and Hothorn 2012a), 6. modification for variance heterogeneity is available , 7. generalization for multiple endpoints are available (Hasler and Hothorn 2012 It is clear from the above comparison, that the correct choice of test will depend heavily on the monotonicity assumption. In some situation, particularly in in vitro mutagenicity assays, however, a downturn effect at high doses may occur making the decision which test to use even more difficult. Tests for such initially increasing trends with a possible subsequent reversal are referred to as Umbrella test according to such shape of the doseresponse relationship. They can be seen as a compromise between the monotone trend of the Williams test and the any-change inference of the Dunnett test, for which a formulation as MCT is available (Bretz and Hothorn 2003) . This paper will demonstrate that this Umbrella test can be recommended as a general test principle since it provides both monotone and non-monotone individual alternatives with hardly any power loss compared to the Dunnett test.
We begin by defining the methodology in detail in the next section before we compare the available methods using simulation and real data examples in ''Results''. We conclude with a discussion of the properties of the methods under investigation.
Methods

Formulation of parametric multiple contrast tests
A MCT, t MCT ¼ maxðt 1 ; . . .; t q Þ, based on k dose groups (k = 0 is the negative control) considers the maximum of q individual contrasts t
where c qi is the contrast coefficient, " x i and n i are the mean values and the sample size in group i, respectively, and S is the pooled standard deviation of the observations. Under the assumption of normally distributed observations, the individual contrasts, t Contrast
, are jointly q-variate t-distributed with common df and correlation matrix R. The correlation matrix depends, under some assumptions, on the contrast coefficients c qi and sample sizes n i only. The four particular tests, namely the Dunnett test (Dunnett 1955) , the Williams test (Williams 1972) , the Dunnett plus Williams test and the Umbrella-protected Williams test (Bretz and Hothorn 2003) differ only according to their contrast matrices. We will abbreviate these tests by (Dun), (Wil), (DuWi) and (UWil), respectively, and illustrate them for a balanced design with three doses:
From these, matrices can be seen that the Umbrellaprotected Williams test is the most general formulation, containing Dunnett, Williams and Dunnett plus Williams contrasts.
The question arises which price, i.e., power reduction, must be paid for including 6 instead of 3 or 4 individual contrasts in the above example with k = 3 doses. Note that in general the Umbrella-protected Williams test requires k(k ? 1)/2, the Dunnett with Williams test 2(k -1) and the Williams and Dunnett test k contrasts. It is clear that using a Bonferroni correction for each contrast would be highly conservative due to using significance levels of a/6 instead of a/3. In practice, however, the loss of power is rather small for the tests with more contrasts as some or all the groups are shared between contrasts making the individual contrasts highly correlated. In ''Power comparisons for parametric tests'', we will show this feature in simulations.
Formulation of related multiple contrast tests for further endpoint types
The majority of endpoints in toxicology do not follow a normal distribution. In areas such as hematology, the distribution of the endpoint is often skewed and proportions (such as histopathological incidences), counts (such as number of MN) or poly-3 estimates (for mortality-adjusted tumor rates without cause-of-death information) occur widely. The US National Toxicology Program (2012) recommends Hematology, …, data, which have typically skewed distributions, are analyzed using the nonparametric multiple comparison methods of Shirley (1977) . Therefore, nonparametric MCTs are considered for the evaluation of both skewed distributed and scored data. A substantial advantage of MCT, of which the approach by Shirley is a nonparametric version, is their formulation in the GLM for different link functions (Hothorn et al.2008) ; for ratio-tocontrol comparisons (Dilba et al. 2004; Hothorn and Djira 2011) and their nonparametric counterpart (Konietschke and Hothorn 2012b) . Commonly, the asymptotic pairwiseranking procedure of Steel (1959) (without order restriction) and the k-ranking procedure of Shirley (1977) (with order restriction) are proposed. However, they do not provide simultaneous confidence interval and are not suitable when variance heterogeneity occurs. Here, k-ranking nonparametric tests for relative effects described in Konietschke and Hothorn (2012a) are compared with the power of the Kruskal-Wallis test (Kruskal and Wallis 1952) within a simulation study (see section ''Power comparisons for nonparametric tests''). This procedure provides multiplicity-adjusted p values and simultaneous confidence limits, and is defined for discrete data and under variance heterogeneity in unbalanced designs. Moreover, real data examples are evaluated simultaneously with the Dunnett, Williams, Dunnett plus Williams and Umbrella-protected Williams test for normal distributed data, severity scores and poly-3 proportions (''Evaluation of examples'').
Results
Power comparisons for parametric tests
The power of the four MCTs (Dun, Wil, DuWil, UWil) can be estimated (assuming normal distribution and homogeneous variances) in closed form via their particular noncentral distributions which is numerically available in the R package MCPAN (Schaarschmidt et al. 2012) . The non-centrality parameter of each distribution reflects, among other factors, the difference between the zero dose and the active doses. The power of a MCT depends on the variance r, the number of dose groups k, the true mean outcome profile
the sample sizes n C ; n D 1 ; . . .; n D i ; . . .; n D k , the experimentwise false-positive rate a (chosen to be 0.05 in this illustration) and the definition of power. For the latter, we use the any-pairs power definition described in Genz and Bretz (1999) . In Fig. 1 , the power curves of the MCTs are shown for varying noncentrality. It can be seen that the power of the MCTs discussed here is uniformly larger than the power of the ANOVA F-test. The power of the Dunnett test is quite similar to the Dunnett plus Williams test and the Umbrellaprotected Williams test while the Williams test (which requires the additional assumption of monotonicity) results in the highest power. It is also notable that a large range of the non-centrality parameters result in differences between the methods.
Using a medium non-centrality (which depends on several parameters) to achieve a power between 50 and 75 % for the Dunnett test, we display the power of the MCTs relative to the Dunnett test in Table 1 . As expected, the power of the Williams test is larger than the Dunnett test for monotone relationships while it only losses substantially for a strong downturn effect. The Umbrellaprotected Williams test has power close to the Dunnett test if a downturn effect is present and some gain in power under monotone relationships. The combined Dunnett plus Williams test also shows power similar to the Umbrellaprotected Williams test. With increasing number of dose groups, k, shown in Table 2 , the differences in power get more marked.
Power comparisons for nonparametric tests
Analogously to the parametric tests, the power of the nonparametric Williams, Dunnett plus Williams and Umbrella-protected Williams modification are presented as ratio to the power of the nonparametric Dunnett-type test (Table 1) for a normal distribution. Notice that we have used a specific asymptotic version of the nonparametric tests here which is defined for any distribution (including discrete ones) and heterogeneous variances. For small sample sizes, as used here, this results in a slightly liberal behavior, i.e., a = 0.07. Note further that under the normal setting, the parametric versions would have been appropriate as well. Using log-normal distributions (not shown) does, however, result in equivalent patterns. The patterns between the different nonparametric tests are, however, quite the same as the ones observed for the parameteric versions, so that the choice of using a parametric or nonparametric test only depends on the distributional assumptions one is willing to make. The most appropriate class of test (Dun, Wil, DuWi or UWil) does not depend on this decision.
Evaluation of examples
Normal distributed endpoints in clinical chemistry
To illustrate the parametric MCTs in an example, we use the blood urea nitrogen content (BUN) after 13 weeks repeated administration of sodium dichromate dihydrate (US-NTP 2012) measured in male rats. The raw data and the R-code for the evaluation are available in the ''Appendix''. The data are illustrated in Fig. 2 which suggests a downturn effect for the largest dose.
Assuming approximate normal distribution and variance homogeneity, the multiplicity-adjusted p values for the four parametric tests, namely Dun, Wil, DuWi and UWil, are presented in Table 3 .
For all four tests, the resulting p values are similar for the same contrast, although some (expected) patterns can be seen. The direct comparison of a dose to control, for example, has the smallest p value for the Dunnett test as it has the fewest numbers of contrasts which reflects the penalty paid for the additional contrasts. Although the p values are similar, the interpretation of the findings is quite different. The Dunnett test reveals an increase in BUN in the 500, 125 and 62.5 mg/kg dose group over control. The Williams test reveals a global trend (since all p values \0.05). The Dunnett plus Williams test exactly provides the combination of Dunnett and the Williams test, namely an increase in 500, 125 and 62.5 mg/kg, a global trend (most likely for the plateau with 1,000 and 500 mg/kg) up to a plateau trend including all doses.The Umbrella-protected Williams test gives even a more detailed insight-all information as before, plus that the most likely trend does not include the 1,000 mg/kg group. The only disadvantage of using UWil in this example is that now the contrast 62.5 mg/kg against control is just above the traditional significance level (p = 0.051). This example demonstrates the advantage of UWil: all monotone and non-monotone pattern can be interpreted to the price of marginally increased p values. 
Severity scores
In this example, we will illustrate the MCTs and in particular the Umbrella-protected Williams test for severity scores. The nephrotoxicity of hexachlorobutadiene in male rats was characterized (among other endpoints) by graded hyaline droplets findings (Swain et al. 2012 ) using four severity scores (0 no abnormality detected; 1 minimal, occasional small hyaline droplets in occasional tubules; 2 mild, scattered small hyaline droplets, 3 moderate, high number of variable sized droplets). A rather specific design with only 6 rats per group, but 7 dose groups plus the zero dose control was used. The raw count data are provided in Table 4 , while the raw data and the R-code for the evaluation are given in the ''Appendix''.
The mosaic plot in Fig. 3 depicts this rather specific design with the observed scores findings.
The objective of this dose-response study was the identification of the lowest observed adverse event dose (LOAED), the lowest dose that is significantly different from the zero dose. An unbiased estimate can be found using the Dunnett procedure (Kuiper et al. 2013) . Both the nonparametric test (Konietschke and Hothorn 2012a ) and the parametric test after using an extra-Poisson link function in the GLM reveals the 10 mg/kg dose as LOEAD. Since so many doses were used, an apparent further question is which doses contribute to the increasing doseresponse relationship. The parametric UWil approach in the GLM reveals 27 of 28 contrast as significant (all except 
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Tumor without death information: poly-3 estimates
In this example, we use the incidence of skin fibroma in the carcinogenicity study on methyleugenol (US-NTP 2000) to illustrate the use of MCTs for poly-3 estimates. The test described here is based on using a normal approximation to the true distribution. The raw data are contained in the R package MCPAN, and the R-code for the evaluation is again provided in the ''Appendix''. The crude proportions suggest a downturn effect at the high dose while the difference between the crude proportions and the poly-3 proportions (Schaarschmidt et al. 2008b ) reveal different specific mortality in the treatment groups (Table 5 ). The Dunnett procedure shows a significant difference for the lower two dose groups, but does not provide any 1. multcomp for parametric tests for the differences to control , 2. mratio for parametric tests for the ratios to control (Dilba et al. 2007 ), 3. nparcomp for nonparametric pairwise and k-ranking tests for relative effects (Konietschke 2013) , and 4. MCPAN for crude and poly-3 proportions (Schaarschmidt et al. 2012 ).
Together with the GLM, all types of endpoint in toxicology can be evaluated with the same concept. The code used for analyzing the examples discussed above, which employs these packages are given in the ''Appendix''.
Discussion
The statistical inference in toxicology (and any other field) should depend on the question at hand and the type of endpoint considered. Endpoints, where either increasing or decreasing effects are of toxicological relevance, such as bilirubin content, should be analyzed by the two-sided Dunnett test. Endpoints, where a priori only one direction is toxicologically relevant, such as increasing number of MN or decreasing number of offspring, should be analyzed by a one-sided combination of the Dunnett test (changes to control) and Williams test (trend to control), namely the Umbrella-protected Williams test. This test provides information to all interesting monotone and non-monotone alternatives, with only marginal power loss with respect to the Dunnett test. Both multiplicity-adjusted p values and simultaneous confidence intervals can be used for this individualized interpretation. Generalization for all types of endpoints used in toxicology, such as normal distributed data, skewed distributed data, counts, severity scores, proportions, survival functions and poly-3 proportions, is available for a unique evaluation. Software that implements these methods are freely available in R (R Development Core Team 2013) through the libraries multcomp, mratio, nparcomp and MCPAN. In this manuscript, we also provide example code for based on real data evaluations show how easy it is to use these packages.
The multiple contrast test approach and their specific members discussed in this manuscript belong to the widely used proof-of-hazard concept. Further work is required to evaluate it to proof of safety concepts, such as the significant toxicity approach (Denton et al. 2011) . Arch Toxicol (2013 Toxicol ( ) 87:1901 Toxicol ( -1910 Toxicol ( 1907 
